Abstract-Invasive studies of the twentieth century showed the value of aortic pressure-time integrals as markers of myocardial oxygen demand and supply. More recent studies have used these concepts to evaluate the mechanisms of ischemic predisposition using noninvasive arterial tonometry in cardiology outpatients. We sought to evaluate the spectrum of myocardial oxygen demand and supply in a large cross-sectional community sample of healthy volunteers and identify the roles of age, sex, and wave reflection. Arterial tonometry was performed in 3682 healthy volunteers. Measures of systolic and diastolic pressure-time integrals and their ratio in addition to cardiac ejection duration were determined and analyzed by age and sex. Multiple regression analyses were performed to identify the mechanisms underlying observations, while controlling for confounders (heart rate, height, weight, and mean pressure). In a healthy cohort, older women more than men (P<0.001) had unfavorable myocardial oxygen supply:demand ratios because of differing effects of vascular aging.
P ioneering work by Sarnoff et al 1 in 1957 showed that when myocardial oxygen demand was measured directly in the isolated, nonfailing canine heart, it could be reliably predicted by the area under the aortic pressure curve during the duration of systole. They termed this area the tension-time index (TTI), which can be expressed per beat in mm Hg·s, or more usefully per minute when multiplied by heart rate (mm Hg·s·min −1 ). Extending the work of Sarnoff et al, Buckberg et al 2 in 1972 evaluated open chested dogs and demonstrated that by additionally measuring the diastolic pressure-time integral, the ratio of endocardial to epicardial blood flow could be evaluated. Using careful control of heart rate and aortic pressures, the authors showed that relative reduction in subendocardial blood flow (ie, ischemic predisposition) could be reliably predicted from the ratio of the diastolic pressure-time index (DPTI) to TTI, which has been subsequently termed the subendocardial viability ratio (SEVR) or Buckberg index. Ferro et al 3 extended this concept to clinical situations by showing a strong linear relationship between stenosis severity and diastolic time at onset of angina in patients with single vessel coronary disease.
Central pressures rather than peripheral blood pressures are required for the most accurate determination of myocardial oxygen demand and supply. We have previously evaluated TTI in a cohort of clinical cardiology outpatients and shown that it was increased in older women and that early wave reflection was a key driver. 4 In this study, we aimed to evaluate how aortic pressure-time analyses, as markers of myocardial oxygen supply and demand, vary across the spectrum of age within a healthy cohort, to better understand normal vascular-ventricular interaction changes with aging. Specifically, we aimed to identify the effects of sex in modifying the agerelated predisposition to ischemia caused by arterial aging in healthy people.
Methods
Data used in this study are not available for public use. This study evaluated 3682 healthy volunteers (1821 men and 1861 women) from the Anglo-Cardiff Collaborative Trial cohort. All subjects gave written informed consent, and all studies were approved by the local research ethics committees. From the original 4001 healthy subjects in this cohort, 319 were excluded for incomplete data (for multivariate analyses) leaving 3682 for final analysis. There were no statistically significant differences between the n=3682 and n=4001 cohorts for any hemodynamic parameter. Aortic pressure waveforms were generated from radial arterial tonometric analyses with a Millar SPT-301 high-fidelity tonometer (Millar Instruments, Houston, TX) processed with SphygmoCor software (AtCor Medical, Sydney, Australia). Details of subject selection have been published previously. 5 In brief, subjects were excluded if they had hypertension (cuff blood pressure >140 mm Hg systolic or 90 mm Hg diastolic), diabetes mellitus, serum cholesterol >6.5 mmol/L, renal disease (defined by clinical history, creatinine >150 μmmol/L, or active urinary sediment), cardiovascular disease defined by clinical history of examination, or were on current medication.
Specific variables analyzed included TTI, DPTI, and SEVR as markers of myocardial oxygen demand, supply capacity, and supply:demand ratio, respectively. Additional measures evaluated included cardiac ejection duration (ED), magnitude of forward and reflected pressure waves (measured as P1 height and augmented pressure, respectively), and central systolic, diastolic, and mean pressures.
Mean age decade changes in key parameters were initially observed, and subsequent multiple regression analyses determining contributory factors were performed, controlling for confounders of age, height, weight, heart rate, and mean arterial pressure. For the variable sex in multiple regressions, men were used as the reference, hence standardized β, partial η, and significance values relate to female sex. Statistical procedures were performed using SPSS 25 (IBM Corporation, Armonk, NY). Table 1 highlights the significant baseline difference between almost all hemodynamic parameters in men and women. Central hemodynamics were consistently more unfavorable in women. This is despite peripheral blood pressures being higher in men. The higher peripheral blood pressure in men, with concurrently lower central pressures, is consistent with the known greater degree of pulse pressure amplification in men, resulting from their generally taller stature. [6] [7] [8] Table S1 in the online-only Data Supplement shows the number of subjects in each age decade (online-only Data Supplement). With increasing age, the pattern in change with age in TTI was different by sex ( Figure 1 ). Whereas in men, TTI plateaued after middle age, in women, there was a continued steady increase in TTI as age increased. The trend in DPTI with increasing age decade was similar in men and women, although absolute values for DPTI were greater in men (Figure 2 ). The fall in DPTI in older age is consistent with the known fall in diastolic blood pressure with advancing age. 9 Combining the trends in TTI and DPTI provides the basis by which SEVR (the supply:demand ratio) becomes more unfavorable in women in older age decades (Figure 3) . Figures S1 and S2 show the change in augmented pressure and P1 height by age decade and sex (online-only Data Supplement).
Results
Multiple regression models for SEVR and ED are presented in Tables 2 and 3 . Table 2 shows that when confounders are adjusted for, both the forward and reflected waves play an important role in the development of an unfavorable myocardial oxygen supply:demand ratio and that there is an interaction between the effects of age and female sex as evidenced by a significant age×female sex interaction. Both the forward and reflected waves are important contributors to SEVR, despite confounder correction. Once ED is factored into the multiple regression, however, the interaction effect of the age×female sex interaction becomes nonsignificant, and the contribution of wave reflection becomes less important. When the determinants of ED are evaluated with multiple regression, wave reflection is associated with a considerably higher standardized β and partial η squared at a considerably higher level of statistical significance than forward wave magnitude (Table 3) . Standardized β values in Tables 2 and 3 highlight the positive and negative associations of different hemodynamic variables with SEVR. It is worth noting the positive associations of augmented pressure, P1 height, and mean arterial pressure and the negative associations of age, female sex, ED, and heart rate (see Discussion). Tables S2 through S4 show multiple regression relationships for SEVR in the cohort with subjects grouped into those aged <30 years, 30 to 60 years, and >60 years (online-only Data Supplement). These show that the role of wave reflection in determining SEVR is the most pronounced in older people. Table S5 shows cohort multiple regression relationships for TTI (online-only Data Supplement).
Discussion Vascular Aging and Ischemic Predisposition
Sarnoff et al 1 showed a strong correlation of TTI to myocardial oxygen demand in invasive studies of isolated nonfailing canine hearts. They showed that aortic pressure, rather than cardiac output or external heart work, was the primary driving factor for myocardial oxygen demand. Indeed, the authors demonstrated that the contribution of flow (cardiac output) to myocardial oxygen demand was mediated by its effect on mean systolic pressure.
Extending this work, Buckberg et al 2 showed that subendocardial ischemia could be induced despite normal or All values presented are mean (SD). AP indicates augmented pressure; BMI, body mass index; cDBP, central diastolic blood pressure; cPP, central pulse pressure; cSBP, central systolic blood pressure; DPTI, diastolic pressure-time index; ED, ejection duration; HR, heart rate; MAP, mean arterial pressure; NS, nonsignificant; P1h, P1 height; pDBP, peripheral diastolic blood pressure; PP Amp, pulse pressure amplification ratio; pPP, peripheral pulse pressure; pSBP, peripheral systolic blood pressure; SEVR, subendocardial viability ratio; TR, reflection time; and TTI, tension-time index. December 2018 supranormal coronary blood flow because DPTI was dependent on the duration and driving coronary pressure during diastole. The authors showed that subendocardial ischemia could be predicted by relating myocardial oxygen demand, expressed as TTI, to DPTI as the DPTI:TTI ratio, also termed the SEVR, later named the Buckberg index.
Through analysis of aortic pressure alone, these investigators developed a means of predicting predisposition to ischemia in the absence of coronary stenosis. 10 Using a large cohort of community sampled healthy volunteers, we sought to evaluate the trends in these parameters of aortic pressuretime, namely TTI, DPTI, and SEVR, across a spectrum of age and sex.
Through age decade analysis, we have shown that especially in women, there is a steady increase in TTI with age, which when combined with the natural fall in DPTI in older people, portends an unfavorable SEVR in older women. Using multiple regression analyses, we have shown that in addition to the contribution of age and sex to ischemic predisposition, there is an interaction between age and sex, such that the influences of sex can modify age effects. Furthermore, we have shown that although the forward and reflected waves are important in determining SEVR, even when confounders are adjusted for, the primary contribution of wave reflection is driven by its relationship with cardiac ED.
Although we would argue that this suggests that increased wave reflection prolongs cardiac ED and augments systolic load, an alternative explanation might be that varying ED could alter the timing of wave reflection. Our view, however, not only holds with traditional views on the determinants of ED 11, 12 but is also supported by the detailed mechanistic work done by Buckberg et al, 2 who showed that increasing aortic pressure (using supravalvular constriction) prolonged cardiac ED and subsequently contributed to subendocardial ischemia.
The negative effects of female sex, aging, ED, and wave reflection (each associated with adverse vascular-ventricular interaction in the literature [4] [5] [6] [7] [8] [9] ) on SEVR are seen by the negative standardized β values in Table 2 . The negative standardized β for heart rate as a predictor of SEVR in multiple regression analyses in Table 2 confirms the increasing propensity to ischemia with increasing heart rate, caused by reduced diastolic perfusion time. 1, 3 This suggests our findings would be more pronounced in the setting of physical exertion and elevated heart rate, which is relevant in the clinical consideration of exertional ischemia. Increased mean arterial pressure was associated with a better SEVR in our cohort (positive standardized β); however, it should be noted that our cohort was a healthy, normotensive one in both sexes. Once arterial pressures rise into the pathological range, elevated mean pressures could translate to elevated systolic load, which may not be counterbalanced by the benefits of increased coronary perfusion pressure. Our findings highlight how vascular aging can modify the aortic pressure-time relationships known to represent myocardial oxygenation supply and demand. These aging processes are different in men and women and could lead to the predisposition to subendocardial ischemia distinctly to the processes of atherosclerosis and coronary stenosis, which dominate current discussions on ischemic heart disease. Our findings have potential implications for future assessment and management of ischemic heart disease, particularly in the setting of chest pain with normal coronary arteries, which is particularly problematic in women, whereby this condition is known to lead to adverse cardiovascular outcomes with no clear pathophysiological explanation. 13 The high female to male sex ratio (10:1) in acute Takotsubo syndrome-an extreme example of myocardial ischemia in the absence of coronary stenosis-may be a condition where our findings may be relevant. [14] [15] [16] In addition to adverse clinical outcomes, chest pain with normal angiography can also lead to adverse psychological outcomes. 17 Thinking on ischemia should not be limited to the coronary artery lumen and must reevaluate the balance of myocardial energy supply and demand that was at the forefront of consideration by pioneering physiologists, before coronary artery pathology was so accessible to cardiologists both conceptually and literally. Although microvascular dysfunction 18, 19 is considered in the discussion on predisposition to ischemia in the absence of coronary disease, we propose that our findings suggest that macrovascular (aortic) dysfunction must also be considered. Even in patients with coronary artery disease, large artery stiffness has been shown to predict ischemic threshold. 20 A potential mechanism is suggested by the findings of this study.
The underlying basis for more adverse age-related change in ventriculo-arterial interaction in women is not known. Previous work has also shown that pulsatile hemodynamics and ventriculo-arterial interaction in women are more unfavorable. 8, [21] [22] [23] Postulated explanations include hormonal differences 24, 25 and differing body size. [6] [7] [8] We observed effects irrespective of height and weight (and hence body mass index); therefore, differing body shape may be of importance. Future work must further investigate these and other mechanisms.
Our findings support our earlier observations of hemodynamic factors related to myocardial oxygen demand in a community cohort of cardiology patients. 4 This time, in a cohort of healthy volunteers, once again, age, female sex, wave reflection, and cardiac ED were important mediators of myocardial oxygenation as assessed using aortic pressure-time analysis. Such factors are, therefore, likely part of normal vascular aging in healthy individuals, whereby there is a transition toward ischemic predisposition in older women particularly. Such changes may well contribute to the extreme sex and age difference in Takotsubo syndrome. [14] [15] [16] The detrimental vascular aging phenomenon in women could occur much in the same way that we see progression of bone density loss and muscle mass loss in otherwise healthy older women.
Limitations
Despite observations using detailed tonometric assessment and validated transfer function in >3500 healthy volunteers, our noninvasive approach carries limitations, which must be considered when interpreting our data. We measured (approximated) aortic pressure alone and did not measure left ventricular pressure. This has 2 effects. First, for DPTI, the definition used by Buckberg et al 2 was the pressure difference between the aorta and left ventricle during diastole. Because we cannot measure the left ventricular pressure, we assume that this is zero during diastole, which we feel is not unreasonable in a healthy cohort. Because left ventricular diastolic pressures naturally rise with age, our estimates of DPTI in older people are probably overestimates (as elevated left ventricular diastolic pressure reduces coronary perfusion pressure), which actually means that our findings might have been more marked in this age group, as myocardial oxygen supply capacity might have been less than we approximated. 10 Second, the lack of left ventricular pressure measurement means that we could not account for isovolumetric contraction and relaxation. Increase in left ventricular pressure leads to increase in aortic pressure and fall in left ventricular pressure lags fall in aortic pressure. This lack of accounting for the isovolumetric components of the cardiac cycle is estimated to overestimate DPTI by 10% to 15% and underestimate TTI by 10% to 15%. 10 Once again, this means that our myocardial oxygen supply capacity Another limitation is inherent in the terminology TTI, which ascribes tension as one of the determinants of myocardial oxygen demand. This is an unfortunate use of terminology adopted initially by Sarnoff et al 1 and continued since in the literature because tension is not measured in their description and derivation of TTI. Indeed, tension is important to myocardial oxygenation but cannot be determined in the TTI as described, without knowing ventricular geometry. True tension is dependent on the law of LaPlace and relates to ventricular dimensions and wall thickness. 26 We did not have these measurements, and as such, any differences in ventricular geometry across our cohort were unaccounted for. This is relevant when the sex differences reported are considered because men will generally have larger ventricular dimensions to women, and as such, our estimate of TTI will be underestimated in men as compared with women. We do note, however, that although in the original description of TTI, Sarnoff et al 1 did not measure ventricular dimensions or wall thickness, the authors nonetheless showed good invasive correlation of aortic pressure-time parameters to directly measure myocardial oxygen demand. Furthermore, although our study cohort was selected to be healthy, the burden of coronary artery disease was not known. Although invasive coronary assessment is impractical and unethical in a healthy cohort of this size, the availability of computed tomography coronary assessment means that future studies could incorporate coronary disease burden into analyses.
Future studies that could build on the work here might also use magnetic resonance imaging or contrast/strain echocardiography to not only incorporate left ventricular dimensions and left ventricular mass but also directly assess for subendocardial ischemia, particularly with stress, to evaluate whether those with more unfavorable SEVR profiles are indeed predisposed to observable subendocardial ischemia with stress. In addition to coronary atheroma burden, microvascular dysfunction 18, 19 would be useful to measure in such future studies.
Perspectives
Myocardial oxygenation has been directly invasively correlated to aortic pressure-time analyses by pioneering physiologists of the 20th century. Adapting these methods to noninvasive measures of aortic pressure-time parameters, we have demonstrated that with aging, there is an unfavorable trend in the myocardial oxygen supply:demand ratio in older women particularly. Both the forward and reflected pressure wave are important contributors to this process, and the role of wave reflection is particularly driven by its effect on cardiac ED. Ischemic heart disease is more complex than coronary lumen stenosis. Vascular aging in the large arteries alters central hemodynamics and can predispose to myocardial ischemia irrespective of coronary artery status, particularly in women. 
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